Aroma compounds are often present in plant and animal derived foods and beverages as non-volatile and odorless conjugates (e.g., glyco-and sulfate conjugates) [1] . Subsequent hydrolysis of the conjugate linkage releases the volatile aroma compound (aglycone). Although substantial effort has been invested towards better understanding the rates, mechanisms, and products involved in the hydrolysis of these types of aroma precursors [2] [3] [4] [5] [6] [7] , comparatively little work has been conducted on the hydrolysis reactions of aroma compounds with hydrolyzable functional groups. In particular, a significant number of aroma compounds contain carboxylic acid ester moieties, which can participate in various acid-and base-catalyzed and neutral hydrolysis mechanisms [8] [9] [10] . For example, of the 738 aroma compounds listed in the online Flavornet database (http://www.flavornet.org/), 140 (19%) contain carboxylic acid ester groups amenable to hydrolysis.
In the current study, we obtained the identities, Chemical Abstracts Service (CAS) registry numbers, and characteristic aromas of these 140 hydrolyzable aroma compounds from the Flavornet database and estimated the acid-(k A ) and base-(k B ) catalyzed and neutral (k N ) hydrolysis rate constants in pure water at 25°C (Table 1 ) using the hydrolysis module in the SPARC software program (http://archemcalc.com/sparc/; September 2009 release w4.5.1522-s4.5.1522). Previous work has benchmarked the accuracy of this software program for estimating k A , k B , and k N for carboxylic acid ester hydrolysis rates across a broad range of organic compounds [11] [12] [13] . Based on the estimated k A , k B , and k N values for each compound, hydrolytic half-lives (t 1/2 ) in pure water were calculated at pH 2.8, 4.0, 7.0, and 9.0 and 25°C using the following equation, For six representative volatile esters (ethyl butanoate, ethyl hexanoate, ethyl octanoate, isobutyl acetate, isoamyl acetate, and hexyl acetate) whose hydrolytic half-lives were experimentally determined in pure water pH adjusted to three representative model wine solution pH values (2.95, 3.58, and 4.10) at an unspecified temperature (assumed to be sufficiently close to 25°C for comparison with the computational data) [14] , we find excellent agreement (within a factor of two [i.e., the expected accuracy of the theoretical approach]) between the SPARC and experimental data with the exception of the hydrolytic half-lives at pH 3.58 and 4.10 for ethyl octanoate (where deviations of 4.4 and 18-fold, respectively, are observed) ( Table 2 ).
The authors of the experimental data [14] noted progressively greater uncertainty and problems in the experimental values with increasing molecular weight (potentially due to confounding solubility/sorption/aggregation issues), ultimately resulting in low confidence for their ethyl decanoate data. It appears likely that similar problems existed with the ethyl octanoate data at the higher pH values measured in ref. [14] , suggesting the SPARC estimates reported herein may be more accurate than the experimental data. Support for this hypothesis exists in the experimental data from ref. [14] that suggests no significant change in the hydrolytic half-life for ethyl octanoate between pH 3.58 and 4.10 (180±35 and 164±35 days, respectively), despite large increases (in agreement with expectations due to the lower hydronium ion concentrations at pH 4.10) in the experimental hydrolytic half-lives between these two pH values reported in ref. [14] for ethyl butanoate (441±27 and 843±67 days, respectively), ethyl hexanoate (311±31 and 1,935±2,240 days, respectively), and the other compounds under consideration. Figure 1 ). The resulting hydrolytic half-lives also range widely, from 10 days to 370 years at pH 2.8, 18 days to 4,900 years at pH 4.0, 1.8 days to 470 years at pH 7.0, and 26 minutes to 5.1 years at pH 9.0. As an illustration, the pH dependence for the hydrolytic half-lives of (3H)-ethylfuranone, linalyl formate, and sotolon (3-hydroxy-4,5-dimethyl-2(5H)-furanone) (Figure 2 ) between pH 0 and 14 are shown in Figure 3 . Although (3H)-ethylfuranone and linalyl formate have effectively equivalent hydrolytic half-lives between pH 4 and 5, their hydrolytic half-lives diverge rapidly under more acidic/basic conditions to values between one and two orders of magnitude difference, and all three compounds display large hydrolysis half-life variation over the possible pH range.
Between pH 2.8 and 4.0, the typical ranges for wines in which a number of these aroma compounds are present, estimated hydrolytic half-lives are always predicted to be longer at pH 4.0 (slower hydrolysis) than at pH 2.8 by factors ranging from 1.4 to 16 (with the majority [>70%] of compounds having a pH 4.0:pH 2.8 hydrolytic half-life ratio >15, and ~90% having a ratio >10; Figure 4 ). Thus, even relatively minor variations in wine pH can strongly influence the rate at which hydrolyzable aroma compounds are degraded. To the best of our knowledge, the temporal profiles of hydrolyzable aroma compounds in aging wines are poorly constrained, but the results presented herein demonstrate the importance of accounting for abiotic loss of such compounds via hydrolysis when estimating how the sensory properties of the wine will evolve during long-term storage.
The presence of ethanol in alcoholic beverages, and other matrix components in various foods, may also influence the hydrolysis rate constants. Insufficient broadly applicable experimental data is available to make unambiguous predictions in this respect. The SPARC software program predicts only minor changes in the k A , k B , and k N for 25 representative aroma compounds at volumetric ethanol concentrations between 0% and 40% at 25°C in pure water (Table 3) , with k A declining by between 0.13 and 0.48 log units, a variable response in k B with changes between -0.19 and +0.37 log units depending on the compound, and k N declining by between 0.27 and 0.55 log units, over the range from 0% to 40% ethanol v/v. This lack of a clear and significant trend in carboxylic acid ester hydrolysis rate response with varying ethanol concentrations (most changes are within the expected error of the computational method) is consistent with the experimental findings of Ramey and Ough [14] , who found no significant effect on the hydrolytic half-lives of ethyl butanoate, ethyl hexanoate, ethyl octanoate, isobutyl acetate, isoamyl acetate, hexyl acetate, and 2-phenylethyl acetate at typical wine ethanol concentrations of 10-14% v/v. Similarly, these authors found no substantial matrix effects on the hydrolysis rates of these esters when comparing model wine solutions with real wines (Pinot Noir and Chardonnay), suggesting theoretical and experimental data for pure water and water/ethanol mixtures may reasonably be extrapolated to actual alcoholic beverages. However, the effects (or lack thereof) by other types of matrix components on the hydrolysis rates of aroma compounds cannot readily be predicted, in light of substantial evidence showing that various organic cosolvents can exert significant influences on the rates of ester hydrolysis, and that the matrix effects are often substrate specific owing to the differing influences on the micro-solvated structures of individual reactants, products, and transition state(s), as well as the effects of aggregation and pK a shifts for various leaving groups (see, e.g., ref. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] ).
Overall, the findings presented herein attest to the importance of considering abiotic hydrolysis and matrix pH when modeling the evolution of sensory characteristics for foods and beverages with carboxylic acid ester based aroma compounds. The database of hydrolytic rate constants presented herein are expected to be near chemical accuracy, and will thus facilitate the pH dependent modeling of aroma compound hydrolysis in sensory modeling studies. Table 1 . Identities, Chemical Abstracts Service (CAS) registration numbers, characteristic odors, estimated acid-(k A ) and base-(k B ) catalyzed and neutral (k N ) hydrolysis rate constants in pure water at 25°C, and corresponding hydrolysis half-lives (t 1/2 ) at pH 2.8, 4.0, 7.0, and 9.0 for 140 hydrolyzable aroma compounds in the Flavornet database. Table 2 . Comparison between SPARC estimated (at 25°C) and experimental hydrolytic half-lives (in days) for six volatile esters at three representative wine pH values in pure water. The temperature at which the experimental data was obtained was not specified in the source publication [14] , and is assumed to be sufficiently close to 25°C for a meaningful comparison with the computational data. 
